The effects of SO^ and water stress, singly and in combination on potato plants {Solatium tuberosum L. cv. Russet Burbank) were studied by exposing them to one of three SO^ concentrations (2, 110 and 300 nl 1"^) and one of two levels of soil moisture (well-watered and water-stressed). Visible leaf injury attributable to SO^ toxicity was observed after 6 weeks of fumigation with 300 nl 1"' SO^ and 9 weeks of fumigation with 110 nl 1"' SO^. Leaf, stem and tuber growth were significantly reduced by 300 nl 1"^ SO^ and water stress. Exposure to 300 nl J"' SO^ under well-watered conditions induced an increase of the shoot: root (including tuber) ratios but not for the ratios (excluding tuber) early in the season, indicating a strong effect of the treatment on tuber growth. With progress of the season, water stress usually reduced both ratios.
INTRODt^CTION
Although there have been many studies on the effects of air pollution on agricultural crops (Davison, 1982; Godzik & Krupa, 1982; Jacobson, 1982) , less is understood ahout its joint action with other environmental stresses, particularly under long-term field conditions. SO^ is known to shift resource partitioning to favour shoot growth (Jones & Mansfield, 1982; Murray, 1985; Darrall, 1989) . In contrast, plants suhject to water stress may favour root growth instead of shoot growth (Bloom, Chapin & Mooney, 1985) . Plants may respond to water stress by partial stomatal closure which will reduce uptake of air pollutants (Tingey, Thutt & Gumpertz, 1982) . found that moderate water stress (itself causing a 16"o decrease in yield at low O^ concentrations) reduced the severity of the O3 efFect on cotton. However, reported that there were no significant interactions hetween O3 and water stress in cotton on the growth variables measured. These differences are possihly related to the different conditions under which the plants were exposed to gaseous pollutants and water stress.
The effects of air pollution on potatoes have been documented in several studies. Petitte & Ormrod (1988) found that the plants had significantly reduced leaf area, and leaf, stem and dry root weight (d. wt) after exposure to llOnli"^ SO^ and/or llOnll"N O2 for 7 or 14 days. Small reductions in tuber yield and mean tuber size, but not in tuher number, were observed in potato plants treated with 100 nl 1"' SO3 for 255 hours (Foster, Timm & Labanauskas, 1983) . It was reported by Pell, Pearson & Vinten-Johansen (1988) that SO2 induced a stimulation and then decline of the numher and d. wt of Grade One tuhers, and O3 induced a linear reduction of the same variables. No SO^x SO3 interactions w'ere detected for any of the yield or quality functions measured.
Plants are often exposed simultaneously to several environmental stresses. Given the opposing resource allocation responses to SO^ or water stress, this study was conducted to evaluate the interactive effects of SOg and soil water stress under field conditions. The study investigated growth, yield and some biochemical responses of potato plants to exposure of SOg and moderate water stress over a growing period. To maintain two levels of soil moisture during the growing season, top-covered chambers were used. Figure 1 . Structural drawing of the top-covered and rectangular-shaped fumigation chatnber. A 1-Om-width door is positioned at the front, and a duct in diameter of ()'6 m connected to a fan is positioned in the rear of the chamber.
Fumigation chamber
analyzer, calibrated with a Thermo Electron, Model 145 calibrator, with NBS traceable certified permeation tubes. The SO^ distribution in the chambers was uniform with all measurements at every position in the range 98-111 % of the measurements taken at the central position.
The experiment was conducted using three SOg concentrations; high, low and control (non-filtered air), each duplicated. As exposures are rarely continuous, plants were fumigated for 4 hours every day (1200 h-1600 h) for ]05 days from seedling emergence to final harvest. The three mean ( +standard deviation) SO;, concentrations of the 4 hour fumigation periods were 300 (±60), 110 (±30) and 2 (± 10) nl I"' respectively. The selected concentrations were based on the higher extreme of monitored concentrations near an industrial area south of Perth, Western Australia (Department of Conservation & Environment, 1982) .
Temperature and relative humidity were continuously recorded during the fumigation period using thermohygrographs in Stevenson screens. The mean daily maximum and minimum temperatures outside of the chambers were 198 and 9-1 °C respectively, and the mean daily relative humidities were 66'1 '•'^. Air temperature was 2 °C higher inside the chambers than outside and relative humidity was 5-10% higher inside the chambers compared with outside at midday on sunny days. Light intensity inside the chamber approximated outside.
% of that MATERIALS AND METHODS

Fumigation chambers
Six rectangular chambers were used for fumigations with SOg (Fig. 1) . Each chamber consisted of a rigid aluminum frame covered by L'V-treated PVC plastic. The front frame, with a 1 Om-\vidth door, was covered by a single layer of PVC plastic. The side panels were covered by a double thickness of the PVC envelope with the inner layer perforated by holes of 25 mm in diameter. The rear frame was also covered by a double thickness of the PVC, although with no holes in the inner layer, and connected to a fan via a duct. Dust-filtered air was fan-forced into the chamber through the holes and then out through the space between the roof and the chamber body. The output of the fan was 1 m^ s"', enabling an air exchange rate of about 3 4 air changes per minute.
Dry air was mixed with bottled, anhydrous SOg from a temperature-controlled cylinder and passed through a regulator and series of needle valves into the inlets of the fumigated chambers. The SO2 concentration was measured in each chamber for 12 min every 72 min using a timer-controlled electrical sequencer in conjunction with solenoid valves. The SO., concentration was monitored using a Thermo Electron, Series 43 pulsed fluorescent anabient SO2
Plant culture
Tuber seeds of potato were planted in 8 1 pots with a mixture of pine bark, sand, vermiculite and perlite in a proportion of 4, 2, 3 and 3 respectively on the 8th of July, 1989. A complete fertilizer was applied once a month. Within each chamber 50 pots were used and two soil moisture treatments were established by differential irrigation of the well-watered (WW) and water-stressed (WS) plots. Tensiometers (Irrometer, Riverside, California) were positioned 0-13 m deep in pots of each treatment to monitor soil moisture. Soil in the WW pots was irrigated to field capacity with tap water every two days early in the season and every day late in the season. The soil moisture tension was always below lOkPa. Soil in the WS pots was irrigated to field capacity every four days early in the season and every two days in the late season, and a tension of 15 to 20 kPa was usually nnaintained around midday during the 3rd and 4th days after each irrigation.
Seasonal harvests
Serial harvests were conducted on days 36, 63, 84 and 105 after planting (DAP). At each harvest, plants were divided into tubers, roots, stenns and Levels of significance : *P-0-05, **P-0'01, ***P = 0'001. For main effects, the first parameter represents low SO., contrasted against control SO^ and the second parameter represents high SO^ contrasted against control SO^, For interaction effects the first parameter represents the difFerence hetween control SO^ and low SO., under well-watered conditions contrasted against the difference between control SOâ nd iow SO., under water-stressed conditions. The second parameter represents the difference between control SO^ and high SOj under well-watered conditions contrasted against the difference hetween control SO^ and high SO^ under water-stressed conditions. lea\"es. Leaf area was measured using an area meter (Delta T, Cambridge, UK). Plant material was dried in a forced-draft oven at 80 °C, and dry weights were recorded. Mean relative growth rates (mRGR) were calculated using log^.-transformed biomass of the seasonal harvests {Hunt, 1978).
Chemical observations
Leaf sulphur concentration of the plants was measured at each har\'est to examine sulphur accumulation under each exposure condition with six replicates per treatment. The leaf sulphur was brought into solution by nitric-perchloric acid digest (Johnson & Ulrich, 1959) and assayed for total sulphur b}' inductively coupled plasma emission spectrophotometry.
To evaluate variability in leaf chlorophyll concentration attributable to SO.^ concentration and duration, and soil moisture stress, the youngest fully expanded leaves were tagged on DAP 50, as leaf age of 0, and measurements of the foliar chlorophyll were undertaken on DAP 58, 70, 79 and 85, as leaf age of 8, 20, 29 and 35 days old respectively. Tagged leaves were collected from each treatment and placed in plastic bags in an ice box. Each leaf was finely chopped, a subsample of 0-1 g taken, and infiltrated with phosphate buffer (O-l M, pH 70), The chlorophyll was extracted with N,N-dimethyl-formamide (Moran & Porath, 1980) . Chlorophyll was measured by absorbance at wavelengths of 663 and 647 nm using a Varian Superscan 3 spectrophotometer.
Statistical analysis
A two-way analysis of variance (ANOVA) was used to test any significant effects of SO^, water stress and their interaction. Special contrasts were performed, using methodology outlined by Finn (1974) , with the MANOVA procedure in the SPSS-X version 2-0 package. A one-way ANOVA followed by a Duncan's multiple range test was then used to determine indi\idual treatment effects at the 0-05 level of probability. Additionally, mRGRs and leaf sulphur concentrations were analyzed using an ANOVA as described by Poorter & Lewis (1986) . A trend analysis over time was conducted with the interaction sum of squares partitioned using orthogonal contrast. The linear component of the interaction sum of squares indicates differences in mRGR or leaf sulphur concentration maintained throughout the experiment while the quadratic component measures the extent to which differences in mRGR or leaf sulphur concentration changed with time. 
RESLILTS
Plant growth responses
Visible foliar injury attributable to SO.^ toxicity vias observed in the chambers fumigated with 300 nl 1~' SO2 for 6 weeks and with 110 nl SOj for 9 weeks. Defoliation occurred in the late season, especially under 300 nl T^ SO3 and well-watered conditions. SO2 and water stress reduced leaf area and d. wt (Tahle 1). The effects of SO^ took longer to develop than those of water stress, and only 300 nl V^ SOŝ uppressed leaf growth. Interactions of SOg and water stress were usually significant from the second harvest at both 110 nlT^ and 300 nl 1"^ SO3 concentrations. As shown in Figure 2 , SO^ exposure under well-watered conditions significantly reduced leaf area and d. wt, whereas under water-stressed conditions there was usually no SO2-induced reduction of the two growth variables.
Neither SO 2 nor water stress had any effect on stem number, but each stress significantly decreased the stem d. wt. Tuber number per plant was decreased hy water stress but not by SO2. Each of the two stresses reduced tuher yield per plant over the Levels of significance: *P-0-05, **P = 0-01, ***P See Table 1 caption for a description of the parameter terms.
• A . high SO, seasonal harvests, while their interactions were significant at the second and final harvests hut not at the first and third harvests (Table 2 ). Joint action of SO., and water stress showed that SOg usually caused reduction of stem and tuber d. wt under wellwatered conditions, hut not under water-stressed conditions (Fig, 2) . Plant mRGR of all the treatments reached the highest level during the interval hetw^een the first and second harvests, and then decreased continuously. Plants exposed to 110 nl I"' SO^ under wellwatered conditions and control treatment plants normally had higher mRGR than plants exposed to other treatments (Fig. 3) . The ANOVA show^s a lack of SO2 X Water interaction, whereas SOg x Water x Time interactions were significant. Since the interactions were due to the quadratic component, the difference in mRG R changed with time (Table 3 ).
The shoot:root (including tuber) ratios were increased by 300 ni 1"^ SO^ under well-watered The linear component reflects differences in RGR or sulphur that are maintained throughout the experiment. The quadratic component reflects the extent to which differences in RGR or sulphur changes with time (Poorter & Lewis, 1986) .
* SS = Sum of squares.
conditions early in the season. As the growing season proceeded, water stress appeared to reduce the ratios in control and 110 nl 1"' SOj chambers. In contrast, responses of the shoot: root (excluding tuber) ratios to joint action of SO2 and water stress seenried to be more complicated during the first three harvests although water stress alone had a significant effect on the ratios over the seasonal harvests, particularly at the final harvest (Table 4) ,
Leaf chlorophyll and sulphur concentrations
SOj-induced reduction of leaf chlorophyll concentration was always observed in 300 nl T^ SOg chambers, whereas the effect of water stress occurred only at leaf age of 20 days (Table 5 ). With development of leaf age joint action of SO^ and water stress significantly decreased leaf chlorophyll concentrations (Fig. 4) . SO;, increased leaf sulphur concentrations. Plants under SO^ and well-watered conditions accumulated much more leaf sulphur than those under SO^ and water-stressed conditions (Fig, 5) . Leaf sulphur concentrations were also affected by the duration of exposure to SO^ (Tahle 3). They were significantly Table 1 for a description of the parameter terms. Exposure to SOg under well-watered conditions produced defoliation and DW reduction of leaf, stem and tubers. By comparison, there was usually no DW reduction induced by SO,, under water-stressed conditions. This was consistent with the pattern of leaf sulphur accumulation ; that is, plants exposed to SO2 under well-watered conditions accumulated much more leaf sulphur than those exposed to SO.û nder water-stressed conditions. A number of studies have shown that SO2 can alter the pattern of assimilate allocation favouring shoot growth at the expense of root growth (Whitmore, Freer-Smith & Davies, 1982; Whitmore & Mansfield, 1983; Murray, 1985) , In contrast, water stress has been shown to have the reverse effect, favouring root growth at the expense of shoot growth (Bloom et al., 1985) , Exposure to 300 nl 1"^ SO.û nder well-watered conditions induced an increase of the shoot: root (including tuber) ratios early in the growing season, hut this increase was negated later probably due to the increase of sink demand of potato tubers. The tuber enlargement process needs a large translocation of assimilate from the aboveground tissues. Water stress usually reduced the ratios from the second harvest in the control and nOnl r^ SOo treatments, but not at 300 nl I"' SOî ndicating that exposure to the high concentration of SO2 disrupted this acclimatory response to water stress. In contrast, SOg seemed hardly to induce a change of the shoot:root (excluding tuber) ratios although the effect of water stress alone was significant over the growing season.
A change in RGR is a good measure of the degree of stress to which a plant is subjected (Chapin, 1989) . High RGR suggests that the plant has favourable conditions for growth, and low RGR can mean the opposite, i,e. limited resources and resource imbalances. This study found that 110 nil"' SOû nder well-w^atered conditions induced high mRGR early in the season. The control plants had leaf sulphur concentrations of 0-3-0'7'^o, which reached the adequate levels of 0'3-0-5 "o sulphur in mid-stem leaves of potato reported by Piggott (1986) . The growth stimulation in this case, therefore, was unlikely to be a fertilizing effect, but could be attributable to some physiological and metabolic mechanisms. It is known that low concentrations of SOg have a beneficial effect on plant growth by means of a number of different processes (Murray & Wilson. 1990 ).
Although 110
SOg did not reduce leaf. stem and tuber d. wt, 300 nl I"^ SO^ significantly suppressed the plant growth, which is in agreement with the effect of SOg on leaf chlorophyll concentration. It is known that SOg-induced reductions in leaf chlorophyll concentration and photosynthesis are highly correlated (Saxe, 1983) . This study showed that exposure to SOg significantly increased leaf sulphur concentration. Similar results have also been demonstrated in broad bean by Adaros, Weigel & Jager (1988) and in wheat by Bytnerowicz, Olszyk & Kats (1987) . However, although leaf sulphur concentration increased significantly with total exposure duration early in the season, it stabilised later in the season possibly due to leaf death and abscission. Interestingly, Pierre & Queiroz (1982) fumigated bean plants with SO,^ and found that the level of sulphur accumulation stabilised after 15 days' exposure, which occurred when variation in enzyme capacity attained its maximum, assumed to be an adaptive process.
Joint action of SO^ and water stress
The development of effects of gaseous pollutants on plants depends to a large extent on other environmental factors. Krizek & Mirecki (1986) found that soil nnoisture stress pretreatment resulted in greatly reduced SO^ injury in Euphorbia pulcherrima. Macrez & Hubac (1988) reported that there were no differences between SO2 exposed and non-exposed irrigated plants of Picea abies and water stress alone was not very injurious, but combination of the two stresses caused 50 "o death of the plants. The current experiment showed that significant interactions of SO2 and water stress were expressed in most growth variables and some biochemical parameters measured. In general, water-stressed treatments reduced the effects of SOn in comparison with wellwatered treatments at the same SOg concentrations.
Undoubtedly, whether the SO^-water stress interactions are synergistic, antagonistic or additive IS related to the species used, the parameters measured and the environmental conditions under which the exposure to SO., and water stress took place. Nevertheless, Murray (1985) and Miller et al. (1988) suggested that a relative increase in shoot tissue, induced by SOo at the expense of roots, could have negative consequences in the event of severe drought conditions since the transpirational surface is increased while the water absorptive surface of the roots may become limiting. In contrast, moderate water stress could reduce the effects of SO^ by increasing stomatal resistance and thus reducing SOg uptake (Mansfield & Freer-Smith, 1984) , in addition to reducing the shoot: root ratio (Bloom et al., 1985) . In this study well-watered plants accumulated significantly higher leaf sulphur than did waterstressed plants at the same concentrations of SOg. Accordingly, SO^-induced grow'th reductions of the well-watered plants were more severe than those of the water-stressed plants. This interactive effect increased with progress of the growing season, indicating a protective function of soil water stress in plant responses to SOj exposure.
